Neuroinflammatory microenvironment, regulating neurite regrowth and neuronal survival, plays a critical role in Alzheimer's disease (AD). During neuroinflammation, microglia are activated, inducing the release of inflammatory or anti-inflammatory factors depending on their polarization into classical M1 microglia or alternative M2 phenotype. Therefore, optimizing brain microenvironment by small molecule-targeted microglia polarization and promoting neurite regeneration might be a potential therapeutic strategy for AD. In this study, we found platycodigenin, a naturally occurring triterpenoid, promoted M2 polarization and inhibited M1 polarization in lipopolysaccharide (LPS)-stimulated BV2 and primary microglia. Platycodigenin downregulated pro-inflammatory molecules such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, IL-6 and nitric oxide (NO), while upregulated anti-inflammatory cytokine IL-10. Further investigation confirmed that platycodigenin inhibited cyclooxygenase-2 (Cox2) positive M1 but increased Ym1/2 positive M2 microglial polarization in primary microglia. In addition, platycodigenin significantly decreased LPS-induced the hyperphosphorylation of mitogen-activated protein kinase (MAPK) p38 and nuclear factor-κB (NF-κB) p65 subunits. Furthermore, the inactivation of peroxisome proliferators-activated receptor γ (PPARγ) induced by LPS was completely ameliorated by platycodigenin. Platycodigenin also promoted neurite regeneration and neuronal survival after Aβ treatment in primary cortical neurons. Taken together, our study for the first time clarified that platycodigenin effectively ameliorated LPS-induced inflammation and Aβ-induced neurite atrophy and neuronal death.
Introduction
Microglia, the resident brain macrophages, are the main immuno-modulative cells in the central nervous system (CNS) [1, 2] . Microglia activation is involved in the pathogenesis of a variety of neurodegenerative diseases including Alzheimer's disease (AD) [3] [4] [5] . According to its different roles in immune modulation, microglia can be divided into classically activated M1 and the alternatively activated M2 phenotype [6] . M1 microglia typically release proinflammatory molecules, promote neuroinflammation, and accelerate neuronal death [7] . While activation of M2 microglia increases the secretion of anti-inflammatory factors, resulting in neurogenesis, axonal regeneration, oligodendrogenesis, and anti-neuroinflammation [8] . Lipopolysaccharide (LPS), interferon (IFN)-γ, or Aβ are known as representative M1 microglial polarization stimulators, while interleukin (IL)-4, IL-10, or IL-13 are M2 modulators [9] . A few M1 inhibitive agents, such as cyclooxygenase (Cox)-1 inhibitors,
Results

Platycodigenin Inhibited the Production of NO and Ameliorated the Secretion of Pro-Inflammatory Cytokines
To optimize the appropriate concentration of LPS without affecting cell viability, BV2 microglia were treated with LPS (1-1000 ng/mL) for 24 h. The cell viability was not significantly changed compared with control ( Figure S1A ). While the NO release was significantly increased from 10-1000 ng/mL LPS treatment ( Figure S1B ). We chose 100 ng/mL LPS for the following study. To determine the concentration of platycodigenin without cell toxicity, the cells were treated with increasing doses of platycodigenin from 0.01 to 50 µM for 36 h. As a result, the cell viability was not changed after 0.01-10 µM platycodigenin treatment, but decreased to 77.1 ± 1.3% compared with control ( Figure 1A) . Thus, we chose 10 µM platycodigenin as the maximum concentration in subsequent experiments. α, IL-6, IL-1β, and IL-10, which are important in neuroinflammation and neurodegenerative diseases [4] . Compared to control cells, LPS significantly increased the production of TNF-α, IL-1β, and IL-6 while decreased IL-10 in the culture BV2 supernatants ( Figure 1C -E). Pretreatment with platycodigenin for 12 h significantly inhibited TNF-α, IL-1β, and IL-6 production at concentrations of 1 and 10 μM ( Figure 1C -E). In addition, platycodigenin ameliorated LPS-induced decrease of IL-10 at 1 μM ( Figure 1F ). Figure 1 . Effects of platycodigenin (PLA) on Lipopolysaccharide (LPS)-induced NO and proinflammatory cytokines production in BV2 microglia. BV2 microglia were seeded in 96-well plates for 12 h, followed by treatment with PLA for 36 h (A) and the cell viability was assayed. BV2 microglia (2 × 105 cells/mL) were seeded in 48-well plates for 12 h, followed by pretreatment with PLA for 12 h and then LPS (100 ng/mL) was stimulated for another 24 h. NO release (B) was detected by Griess reagent method and concentrations of TNF-α (C), IL-6 (D), IL-1β (E) and IL-10 (F) were determined by ELISA kit. The data are shown as the mean ± SEM of three independent experiments. Each group Effects of platycodigenin (PLA) on Lipopolysaccharide (LPS)-induced NO and pro-inflammatory cytokines production in BV2 microglia. BV2 microglia were seeded in 96-well plates for 12 h, followed by treatment with PLA for 36 h (A) and the cell viability was assayed. BV2 microglia (2 × 105 cells/mL) were seeded in 48-well plates for 12 h, followed by pretreatment with PLA for 12 h and then LPS (100 ng/mL) was stimulated for another 24 h. NO release (B) was detected by Griess reagent method and concentrations of TNF-α (C), IL-6 (D), IL-1β (E) and IL-10 (F) were determined by ELISA kit. The data are shown as the mean ± SEM of three independent experiments. Each group has five replicates in the independent experiment. *p < 0.05, and ***p < 0.001 versus vehicle (Veh), Kruskal-Wallis one-way analysis of variance by ranks test and one-way analysis of variance and Dunnett's post hoc test. LPS-activated microglia showed a strong release of M1-related NO production, which is one of the main inflammatory mediators and plays an important role in neuro-inflammatory diseases [31] . Thus, we investigated the inhibitory effect of platycodigenin on NO production in LPS-induced BV2 microglia. Compared to control group (4.8 ± 0.1 ng/mL), treatment with LPS significantly increased the production of NO (15.0 ± 0.3 ng/mL). Pretreatment with platycodigenin significantly reduced the NO production in a dose dependent manner at 0.1 (11.6 ± 0.3 ng/mL), 1 (11.3 ± 0.1 ng/mL) and 10 µM (10.7 ± 0.5 ng/mL) ( Figure 1B ).
In addition, we evaluated the effects of platycodigenin on the LPS-induced production of TNF-α, IL-6, IL-1β, and IL-10, which are important in neuroinflammation and neurodegenerative diseases [4] . Compared to control cells, LPS significantly increased the production of TNF-α, IL-1β, and IL-6 while decreased IL-10 in the culture BV2 supernatants ( Figure 1C -E). Pretreatment with platycodigenin for 12 h significantly inhibited TNF-α, IL-1β, and IL-6 production at concentrations of 1 and 10 µM Figure 1C -E). In addition, platycodigenin ameliorated LPS-induced decrease of IL-10 at 1 µM ( Figure 1F ).
Platycodigenin Promoted LPS-Induced M1 Phenotype to M2 Microglia Polarization
Cox2, CD11b and inducible nitric oxide synthase (iNOS) are mainly expressed marker proteins in M1 microglia, while Ym1/2, Arginase I, and CD206 are expressed in M2 microglia [32] . We then investigated whether platycodigenin inhibited pro-inflammatory cytokines release via modulating microglial polarization. BV2 microglia were pretreated with platycodigenin (0.1, 1 and 10 µM) for 12 h followed by treatment with LPS (100 ng/mL) for another 12 h (Figure 2A ). As a result, platycodigenin significantly inhibited the mRNA expression of TNF-α, IL-1β and iNOS ( Figure 2B -D). In the contrary, platycodigenin upregulated M2 microglia related mRNA expression of IL4, CD206, Arg1 and TGFβ ( Figure 2E -H). Furthermore, we confirmed the effects of platycodigenin on M2 microglia polarization in primary cultured microglia ( Figure 3A ). As a result, Cox2 was significantly upregulated and Ym1/2 was downregulated after LPS treatment ( Figure 3B ,C). Pretreatment with platycodigenin (1 and 10 µM) following LPS treatment significantly decreased Cox2 expression, whereas Ym1/2 expression was significantly increased. The results indicated that platycodigenin exerts anti-inflammatory effects via inhibiting M1 microglial polarization and promoting M2 microglial polarization. 
Cox2, CD11b and inducible nitric oxide synthase (iNOS) are mainly expressed marker proteins in M1 microglia, while Ym1/2, Arginase I, and CD206 are expressed in M2 microglia [32] . We then investigated whether platycodigenin inhibited pro-inflammatory cytokines release via modulating microglial polarization. BV2 microglia were pretreated with platycodigenin (0.1, 1 and 10 μM) for 12 h followed by treatment with LPS (100 ng/mL) for another 12 h (Figure 2A ). As a result, platycodigenin significantly inhibited the mRNA expression of TNF-α, IL-1β and iNOS ( Figure 2B -D). In the contrary, platycodigenin upregulated M2 microglia related mRNA expression of IL4, CD206, Arg1 and TGFβ ( Figure 2E -H). Furthermore, we confirmed the effects of platycodigenin on M2 microglia polarization in primary cultured microglia ( Figure 3A ). As a result, Cox2 was significantly upregulated and Ym1/2 was downregulated after LPS treatment ( Figure 3B ,C). Pretreatment with platycodigenin (1 and 10 μM) following LPS treatment significantly decreased Cox2 expression, whereas Ym1/2 expression was significantly increased. The results indicated that platycodigenin exerts anti-inflammatory effects via inhibiting M1 microglial polarization and promoting M2 microglial polarization. 
Platycodigenin Attenuated LPS-Induced Activation of MAPK and NF-κB Signaling Pathways
The phosphorylation of p38-MAPK and p65-NF-κB are known to regulate inflammatory mediators and M1 microglial polarization [2, 33] . Thereby, we investigated the expression of phosphorylated p38 (p-p38) MAPK and phosphorylated p65 (p-p65) NF-κB in LPS-induced BV2 microglia. BV2 microglia were treated with platycodigenin (1 and 10 μM) for 12 h following stimulated with LPS for another 1 h, and expression of p-p38 and p-p65 were analyzed by immunocytochemical analysis ( Figure 4A ). As a result, p38 and p65 were highly phosphorylated after LPS treatment, while platycodigenin significantly downregulated p-p65 and p-p38 ( Figure 4B -E). To confirm the effects of platycodigenin on p38 and p65 phosphorylation, we measured the expression of p-p65 and p-p38 by ELISA kits. Phosphorylated p38 and p65 were increased from 1.38 and 20.08 ng/mg to 2.78 and 26.57 ng/mg after LPS treatment, respectively. Platycodigenin treatment significantly downregulated the phosphorylated p65 and p38 ( Figure 4F 
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Platycodigenin as a Potential Agonist for PPARγ
Activation of PPARγ is related to M2 microglial polarization and anti-inflammatory effects [19, 23, 34] . Therefore, we examined the effect of platycodigenin on PPARγ in BV2 microglia ( Figure 5A ). We found that LPS treatment significantly suppressed PPARγ expression ( Figure 5B ), as previously reported [22] . Pretreatment with platycodigenin for 12 h restored PPARγ expression to near normal levels ( Figure 5B,C) . These results indicated that the anti-inflammatory effect of platycodigenin was possibly through suppression of p38 and p65 signaling and activation of PPARγ. replicates (F-G) were performed of each group in the independent experiment. *p < 0.05, **p < 0.01, and ***p < 0.001 versus vehicle (Veh), Kruskal-Wallis one-way analysis of variance by ranks test and one-way analysis of variance and Dunnett's post hoc test.
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Platycodigenin Prevents Aβ25-35-Induced Primary Cortical Neuronal Death
To further determine whether platycodigenin showed protective effects on Aβ25-35-induced neuronal death, we treated the platycodigenin to Aβ25-35-induced primary cortical neurons. As shown in Figure 6 , compared with control, the neuronal viability was decreased to 62.0% after 3 days Aβ25-35 treatment. Co-treatment with platycodigenin restored Aβ25-35-induced neuronal death to the levels 73.9% (1 μM) and 74.2% (10 μM). 
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Platycodigenin Promotes Neurites Regeneration after Aβ25-35-Induced Neurites Atrophy
To test the effect of platycodigenin on neurite growth, we investigated its effect on normal cultured cortical neurons ( Figure 7A ). Compared with control group, PLA dose dependently promoted β3-tubulin positive neurite elongation ( Figure 7B,C) . Furthermore, we assessed the effects of platycodigenin on Aβ25-35-induced neuritic atrophy in primary neurons ( Figure 8A ). Neurite density was decreased significantly by Aβ25-35 treatment, whereas treatment with platycodigenin (1 and 10 μM) significantly increased the length of β3-tubulin-positive neurites (Figure 8B,C) . These results indicate that platycodigenin can restore Aβ-induced neuritic atrophy and neuronal death. 
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Discussion
The hallmarks of Alzheimer's disease, such as Aβ plaque and neurofibrillary tangles, create toxic microenvironments that trigger activation of M1 microglia phenotype, a process characterized by morphological and phenotype changes [35] . Conversely, activated M1 microglia release inflammatory cytokines which exacerbate CNS microenvironments, preventing neurites remodeling and recovery of memory function [3, 4] . Therefore, exploring small molecules that regulate microglial polarization and neurites regeneration might be a therapeutic way for the intervention of AD. In the current study, we demonstrated for the first time that platycodigenin could promote the polarization of LPS-induced M1 microglia to M2 phenotype and enhance neurite regrowth in Aβ-induced axonal atrophy.
Nitric oxide and other reactive nitrogen species have been revealed to induce oxidative stress and enhance expression and DNA binding of NF-κB, promoting neurodegeneration and neuroinflammation [36] . A remarkable increase of M1 associated Cox2 protein leads to overproduction of NO, which are involved in AD [4] . The results of this study suggest that platycodigenin has an inhibitory effect on NO production and attenuates LPS-induced expression of 
Nitric oxide and other reactive nitrogen species have been revealed to induce oxidative stress and enhance expression and DNA binding of NF-κB, promoting neurodegeneration and neuroinflammation [36] . A remarkable increase of M1 associated Cox2 protein leads to overproduction of NO, which are involved in AD [4] . The results of this study suggest that platycodigenin has an inhibitory effect on NO production and attenuates LPS-induced expression of M1 associated Cox2 protein. Pro-inflammatory cytokines, such as TNF-α, IL-1β and IL-6 are remarkably increased, while anti-inflammatory cytokines IL-10, IL4 are decreased in neuroinflammatory and AD models in vitro and in vivo [3] . We found that platycodigenin significantly inhibited the production of the LPS-induced pro-inflammatory cytokines and upregulated anti-inflammatory cytokine in BV2 microglia. NF-κB, which is a critical transcriptional factor in regulating oxidative substances and inflammatory cytokines, plays an important role in inflammatory diseases [5] . The phosphorylation of NF-κB subunit p65 promotes its nuclear translocation and association with CBP/p300 or HDAC-1, increasing the inflammatory gene transcription [6, 17] . Furthermore, studies have shown that the transactivation function of NF-κB is dependent on p38 MAPK phosphorylation and p38 mediated p65 acetylation [21] . Thereby, inhibition of p38 and p65 phosphorylation contributes to the reduction of inflammatory response and amelioration of inflammatory diseases. The present study also showed that platycodigenin inhibited LPS-induced phosphorylation of NF-kB p65 and MAPK p38 in BV-2 cells.
PPARγ has been shown to modulate the expression or activity of large numbers of genes in a variety of signaling pathways [34] . Recent animal and clinical studies indicated that PPARγ agonists could prevent inflammatory response and neuronal death in AD [19] . PPARγ agonist not only attenuate the production of pro-inflammatory mediators, such as NO, IL-6, IL-1β, Cox2, iNOS, and TNFα, but also promote the release of anti-inflammatory cytokines, such as IL-10, IL-4, and IL-13. PPARγ agonist pioglitazone inhibits microglia inflammation by blocking p38 MAPK signaling pathways. In addition, PPARγ activation inhibits NF-κB activity by inhibiting nuclear translocation of p65 subunit and competing with NF-κB co-activators [34] . Furthermore, PPARγ activation promotes the expression of M2 markers, such as Ym1/2, Arginase I, CD206, and Fizz1 [23] . Our results showed that platycodigenin increased the expression of PPARγ, probably resulting in the inhibition of p-p65 and polarization of M1 microglia to M2 microglia.
Neural circuits and network are responsible for memory generalization, consolidation and storage [37] . Aβ-induced synapse loss, axonal degeneration, and neuronal death are contributed to the disruption of neural networks, which most likely relate to memory deficits [38] . Therefore, we hypothesize the neuronal circuits reconstruction through axonal regeneration is critical for the fundamental therapies of AD. In the current study, by high throughput screening, we found platycodigenin, which could promote neurite regrowth and prevent neuronal death in an Aβ-induced cell model. However, whether platycodigenin could ameliorate memory deficits in vivo needs to be studied further.
In conclusion, we report for the first time that platycodigenin could effectively prevent LPS-induced M1 microglial polarization and inflammatory response by inhibiting p-p38 and activating PPARγ, thereby blocking NF-κB activation and reducing the production of oxidative mediators and pro-inflammatory cytokines. Furthermore, platycodigenin prevented Aβ25-35-induced neuronal death and promoted neurite regeneration after Aβ25-35-induced neurite atrophy. Thus, our study exhibited that platycodigenin had the potential for treatment of neuro-inflammation and neuro-degeneration, and can be considered as a promising microglia and neurite modulator for the intervention of AD.
Materials and Methods
BV2 Microglia and Primary Cortical Microglia Culture
BV2 microglia (The Cell bank of Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China) were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco C11995500BT, Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS; Gibco 10270-106) at 37 • C in a 5% CO 2 /95% air incubator.
Primary microglia were isolated from the cerebral cortices of mice as previously described with minor modifications [24, 39] . Briefly, the cerebral cortices were dissected from ICR mice (Guangxi Medical University, Nanning, China) at postnatal day 2-4. After removing dura mater, the tissues were minced, dissociated with 0.25% trypsin-EDTA (Gibco 25200-072) for 30 min at 37 • C, followed by the addition of 600 U/mL DNase I (Gibco 18047-019) and 0.3 mg/mL trypsin inhibitor (Gibco 17075-011) for 15 min. The pellets were collected after centrifugation and suspended in DMEM/F12 (Gibco 12634010) supplemented with 10% FBS. Fifteen percent bovine serum albumin (BSA) solution was added from the bottom of medium to remove debris by centrifugation. Pellets were collected after centrifugation at 740 g for 4 min and re-suspended in 10% FBS-DMEM/F12. Cells were seeded into 6 cm dishes and cultured at 37 • C with 5% CO 2 . After 14-17 days, microglia were isolated from mixed glial cultures with mild trypsinization [39] .
Primary Cortical Neuron Culture and Neuronal Viability Assay
Embryos were removed from a pregnant ICR mouse at 14 days of gestation as described previously [13] . For neuronal viability assay, the cells were seeded in a 96-well plate at a density of 20,000 cells per well for 3 d. Then, the neurons were treated with 10 µM Aβ25-35 (Sigma-Aldrich, A4559) or cotreated with platycodigenin (Chengdu Desite Biotech Co. Ltd, Chengdu, China) for 3 days. The Aβ25-35 was previously incubated at 37 • C for 4 days for aggregation. Neurons were then incubated with 10 µL of CCK-8 solution (MCE, HY-K0301) for 3 h. The fluorescent absorbances were measured at 450 nm using an ELISA microplate reader (Biotek, Winooski, VT, USA). For normal neurite density measurement, the cells were seeded in an 8-well plate at a density of 10,000 cells per well for 2 d. Then the neurons were treated with PLA (0.01-10 µM) for 4 d. For Aβ treated neurite density measurement, the neurons were treated with 10 µM Aβ25-35 for 3 days before being treated with platycodigenin for 4 days. The cells were then prepared for immunocytochemistry.
Microglia Viability Assay
MTT assay was performed to detect the effects of LPS and/or platycodigenin on the viability of BV2 microglia. BV2 microglia were seeded in a 96-well plate at a density of 2000 cells per well for 12 or 24 h, then treated with different concentrations of platycodigenin (0.01-50 µM) for another 36 h. Cells were then incubated with MTT (0.5 mg/mL) for 3 h in a 5% CO 2 incubator at 37 • C. Then the medium was removed and DMSO (150 µL) was added into each well to dissolve formazan crystals. The fluorescent absorbances were measured at 570 nm using an ELISA microplate reader (Biotek, Winooski, VT, USA).
Measurement of Nitric Oxide Levels
BV2 microglia (2 × 10 5 cells/mL) were seeded in the plates for 12 h, pretreated with platycodigenin for 12 h at different concentrations (0.01, 0.1, 1, 10 µM) followed incubation with LPS (Sigma L2654, 100 ng/mL) for 24 h. Cultured supernatant (100 µL) was collected and added with 100 µL of Griess reagent (1% sulfanilamide and 0.1% naphthylethylenediamine dihydrochloride in 2.5% phosphoric acid; Promega G2930, Madison, WI, USA) for 10 min in the dark at room temperature. An ELISA microplate reader was used for the measurement of absorbances at 540 nm. A standard curve was generated in the same manner using NaNO 2 for quantitation.
Measurement of TNF-α, IL-6, IL-1β, and IL10
BV2 microglia (2 × 10 5 cells/mL) were plated in the medium for 12 h, cells were then pretreated with platycodigenin (1 and 10 µM) for 12 h, then 100 ng/mL LPS was added for 24 h. Culture supernatants were collected and enzyme-linked immunosorbent assay (ELISA; dogesce, Beijing, China) was performed for quantification of TNF-α, IL-6, IL-1β, and IL10 according to the manufacturer's protocol.
RNA Isolation and RT-PCR
BV2 microglia (2 × 10 5 cells/well) were seeded in 12-well culture plate for 12 h. Cells were then pretreated with platycodigenin (0.1, 1 and 10 µM) for 12 h, then cells were incubated for 12 h in the absence or presence of 100 ng/mL LPS. After incubation, cells were washed twice with cold PBS and total RNA was isolated from the cells using TRI Reagent according to manufacturer's protocol. Complementary DNA (cDNA) was synthesized from RNA using the GoScript™ Reverse Transcriptase ( 
